Metal-insulator-metal diodes with Nb 2 O 5 and Ta 2 O 5 insulators deposited via atomic layer deposition are investigated. For both Nb 2 O 5 and Ta 2 O 5 , the dominant conduction process is established as Schottky emission at small biases and Frenkel-Poole emission at large biases. Fowler-Nordheim tunneling is not found to play a role in determining current versus voltage asymmetry. The dynamic dielectric constants are extracted from conduction plots and found to be in agreement with measured optical dielectric constants. Trap energy levels at / T % 0.62 and 0.53 eV below the conduction band minimum are estimated for Nb 2 O 5 and Ta 2 O 5 , respectively.
I. INTRODUCTION
Recently, thin film metal-insulator-metal (MIM) tunnel devices have attracted significant attention for a variety of high-speed applications such as hot electron transistors, 1,2 infrared (IR) detectors, 3, 4 and optical rectennas for IR energy harvesting. 5, 6 Besides high-speed operation, additional MIM diode requirements for rectenna and IR detector applications include a small turn-on voltage (V ON ) for a low zero-bias resistance as well as asymmetric and nonlinear operation at low applied bias. 7 The ultrahigh frequency terahertz operation regime desired for these devices requires that the electron transport time between terminals be as short as a few femtoseconds. The standard way to achieve high speed rectification in an MIM diode is through Fowler-Nordheim tunneling (FNT) dominated charge transport in conjunction with the use of asymmetric work function metal electrodes which produce asymmetric, polarity dependent electron tunneling barriers. [8] [9] [10] Based on this principle of operation, insulators with a large electron affinity (v) appear to be desirable so as to produce small energy barriers at the metal electrodes and allow FNT to occur at small applied bias (low V ON ). Following this line of reasoning, it has been suggested that Nb 2 O 5 and Ta 2 O 5 , insulators with large v, should be promising candidate insulators for rectenna applications. [11] [12] [13] In insulators with small barriers, FNT must compete with emission based conduction mechanisms such as Frenkel-Poole (FP) and Schottky emission. In fact, conduction in thick Ta 2 O 5 films is often reported to be dominated by Frenkel-Poole, rather than FNT.
It is well known that deposition method can have a strong influence on electrical properties. Because MIM operation should be based on tunneling and tunneling is exponentially dependent on the barrier thickness, extremely uniform thickness control of the ultrathin insulating layer is required. Atomic layer deposition (ALD) is ideally suited for this application as it is based on self-saturating surface reactions which enable atomic scale control of thickness and uniformity over large surface areas and high aspect ratio structures.
In addition, ALD allows deposition of high quality insulating films on a variety of metal electrodes, eliminating the need to use native oxides of rough polycrystalline metal electrodes. Recently, we demonstrated that combining high quality single layer and nanolaminate insulators deposited via ALD with ultrasmooth bottom electrodes enabled the realization of thin film MIM and metal-insulator-insulator-metal (MIIM) diodes with well-controlled quantum mechanical tunneling. [14] [15] [16] [17] were formed via evaporation using a shadow mask.
The thickness of the insulating films on Si was measured with a J. A. Woollam WVASE32 spectroscopic ellipsometer a) Electronic mail: jconley@eecs.oregonstate.edu using a Cauchy model. High frequency optical dielectric constants were determined with spectroscopic ellipsometry using 10 nm thick films deposited on silicon substrates. The crystal structure was assessed with x-ray diffraction (XRD) using a Bruker-AXS D8 Discover x-ray diffractometer. Both the Ta 2 O 5 and Nb 2 O 5 ALD thin films were found to be almost entirely amorphous as-deposited; however, the presence of nanocrystalline seeds could be expected. Crystalline phases in thin insulating films may create alternate conduction paths for electrons. 18 Crystallization of the bottom electrode increases roughness which can result in electric field enhancement, 19 increased defect density at the insulatorelectrode interface, 20 and work function nonuniformity due to different orientations of crystalline grains. 21 To avoid any possibility of crystallization of either the ALD films or the ZrCuAlNi bottom electrode, all devices were studied without postdeposition annealing.
Electrical measurements were conducted on a thermal chuck at temperatures ranging from 300 K to 375 K using a TEMPTRONIC gold plated ThermoChuck and a probe station in a dark box using an Agilent 4156C semiconductor parameter analyzer; the noise floor of this system is estimated to be on the order of 10 2 pA. The ZrCuAlNi bottom electrode was always held at ground with bias applied to the Al top gate. To mitigate the impact of displacement current, all I-V curves were swept from zero-bias to either the maximum positive or negative bias. Two figures of merit were used to characterize the devices: (i) I-V asymmetry, g asym , is defined as negative device current divided by positive current jI À /I þ j so that g asym ¼ 1 indicates symmetric operation and (ii) nonlinearity, f NL , is defined as (dI/dV)/(I/V). Many individual devices of each of the four types of device structures were measured. Representative results are discussed.
Band diagrams were simulated using the Boise State University Band Diagram program. 22 Materials parameters used in simulation are electron affinity (v) ¼ 4 eV, bandgap (E G ) ¼ 4.3 eV, and relative dielectric constant (j) ¼ 28 for Nb 2 O 5 ;
23,24 v ¼ 3.75 eV, E G ¼ 4.4 eV, and j ¼ 24 for Ta 2 O 5 . 24, 25 The work function of the ZrCuAlNi and Al electrodes were determined to be 4.8 and 4.2 eV, respectively, as reported in our previous work. 26, 27 As expected, based on the relative barrier heights shown in the simulated energy band-diagrams inset of Fig. 1(a) , devices made using Nb 2 O 5 show a larger current density than devices made using Ta 2 O 5 . The Ta 2 O 5 diodes, however, show slightly larger asymmetry. Although Ta 2 O 5 and Nb 2 O 5 devices both show asymmetric J-V behavior with a small V ON , the maximum asymmetry (g max ) is three orders of magnitude smaller than the g max (up to 1400), which we have recently reported for diodes with a 10 nm Al 2 O 3 insulator layer made using the same electrode combination. 17 The asymmetry in an M 1 IM 2 tunnel diode should be related to the work function difference between the electrodes (DA ¼ A M1 À A M2 ). Theoretically, if conduction is assumed to be dominated solely by FNT, devices made with the same electrodes but different insulators should show the same value of g max , but at different applied biases depending on the electron affinity of the insulator (e.g., energy barrier heights formed at the electrode interfaces). The poor asymmetric behavior shown in Fig. 1(c) suggests that charge transport through these films may include processes other than FNT, although there are many nonideal factors that could also impact asymmetry including interface states, roughness, defects, and presence of other conduction. Fowler-Nordheim plots of ln(J/V 2 ) vs 1/V show poor linearity (R 2 < 0.95), confirming that FNT does not dominate conduction in either insulator.
Besides FNT and direct tunneling (which should be suppressed in the thicker 10 nm thick films), possible competing conduction mechanisms include Schottky emission (SE), Frenkel-Poole emission (FPE), and space-charge-limited (SCL) conduction. SCL is ruled out because J does not exhibit a V 2 dependence. 28 In SE, conduction is limited by emission over a barrier and the current density, J SE , has the following relationship with electric field, E:
where A* is the effective Richardson constant, T is temperature, q is the elementary charge, A B is the barrier height between the Fermi-level of the injecting metal and the conduction band minimum of the insulator, j r is the optical dielectric constant, e 0 is the permittivity in vacuum, and k is Boltzmann's constant. For FPE, where conduction is limited by emission from traps, the relationship between J FPE and E is 10
where / T is the trap energy depth referenced to the insulator conduction band minimum. As a first step toward determining whether the dominant conduction mechanism is related to SE or FPE, the J-V data from Fig. 1(a) , respectively. Shown in Fig. 2 , it was found that the 10 nm thick Ta 2 O 5 and Nb 2 O 5 devices in Fig. 2(a) 1/2 plots, suggesting that FPE dominates at higher biases. The change in the dominant conduction mechanism from SE limited at low biases to FPE limited at high biases is consistent with the observed asymmetry in these devices. As shown in Fig. 1(c) , asymmetry first increases in the low bias regime where the electrode-limited (asymmetric) SE dominates and then decreases at larger biases where bulk-limited (symmetric) FPE dominates.
As the linearity of conductions plots is insufficient to unambiguously assign conduction mechanisms, to further assess the validity of these provisional conduction mechanism assignments, the dynamic relative dielectric constants, j r , of Nb 2 O 5 and Ta 2 O 5 were extracted from the slopes of the plots in Fig. 2 23 Although the static or DC dielectric constant is sometimes used erroneously in the assignment of FPE, it is the dynamic or optical dielectric constant that should be used. [30] [31] [32] [33] The dielectric constant associated with FPE current under relatively large electric field is expected to have the high frequency value as emission of electrons from the traps should occur at times corresponding to optical frequencies. 30 34 Using spectroscopic ellipsometry, we measure the optical dielectric constant (n 2 ) in the wavelength range of 400-1200 nm to range from 5. Figs. 3(a) and 3(d) , respectively] devices provides additional evidence for the dominance of a thermal emission mechanism and further rules out FNT, which should not exhibit strong temperature dependence, as a dominant conduction mechanism. Shown in Fig. 3 , g max , as well as the voltage at which g max occurs, decreases as temperature increases for both the (b) Nb 2 O 5 and (e) Ta 2 O 5 devices. A similar trend is observed for the f NL plots for both devices. Similar results are also seen for the 5 nm thick diodes. This (1)] has a stronger temperature dependence than FPE [Eq.
(2)]. Therefore, SE should become relatively stronger as compared to FPE as the temperature increases. Assuming that SE and FPE are modeled as operating in series, conduction should become increasingly limited (dominated) by FPE as temperature increases. Whereas SE is dependent on the height of the barrier at the metal/insulator interface and thus would be expected to be asymmetric with respect to voltage polarity for these asymmetric electrode devices, FPE is a bulk conduction mechanism and should be symmetric with respect to voltage polarity. The observed behavior of decreasing asymmetry with increasing temperature is thus consistent with an increased dominance of FPE with increasing temperature. FPE is characterized by the energy depth of the dominant trap, / T , which is referenced to the conduction band minimum or valance band maximum for n-type and p-type materials, respectively. Shown in Fig. 4 are plots of the extracted E a versus the square root of the voltage across the insulator for the voltage region (0.7 to 1 V) in which FPE appears to be dominant in both Nb 2 O 5 and Ta 2 O 5 . The value of E a at each voltage was extracted from Arrhenius plots of ln (I/V) vs 1/kT for the 5 and 10 nm thick Nb 2 O 5 and Ta 2 O 5 diodes. To account for the Schottky barrier lowering of the trap depth when a field is applied across the insulator, the zero field trap depth, / T , is estimated by extrapolating the plots in Fig. 4 23 Note that for both Nb 2 O 5 and Ta 2 O 5 , the extracted trap depths were the same for both positive and negative bias and were similar for both 5 and 10 nm films, further evidence that FPE is indeed dominant in this bias region.
IV. SUMMARY AND CONCLUSIONS
In summary, asymmetric metal electrode M 1 IM 2 diodes comprising atomically smooth amorphous ZrCuAlNi bottom electrodes, high electron affinity Nb 2 O 5 and Ta 2 O 5 insulators as-deposited via ALD, and Al top electrodes were investigated. The I-V characteristics and device performance were measured at temperatures ranging from 300 to 375 K and the dominant conduction mechanisms were identified in different bias regimes. For both insulators, it was found that SE dominates at low biases whereas FPE dominates at larger biases. Using FPE analysis, the dominant "bulk" trap depths were estimated to be 0.53 6 0.05 eV below the conduction band minimum for Ta 2 O 5 and 0.62 6 0.05 eV for Nb 2 O 5 . Nb 2 O 5 and Ta 2 O 5 have been considered to be promising insulators for high speed MIM devices. However, conduction in both insulators deposited via ALD was found to be dominated by thermal emission, rather than tunneling based mechanisms. Although in principle thermal emission at high electric fields can be fast (possibly of order 10 s of THz as assessed from spectroscopic ellipsometry), FPE-dominated conduction does not provide asymmetry as the traps behave in the same manner under positive and negative bias. If asymmetric work function electrodes are used to produce different barrier heights, interface-dominated SE can provide low voltage asymmetry. However, the exponential temperature dependence of SE makes it unsuitable for applications where careful temperature control is not viable. FNT, in contrast, offers inherently fast transport times and does not suffer from a strong temperature dependence, making it a more desirable mechanism for high-speed device operation. Recently, we demonstrated that by using nanolaminate bilayer tunnel barrier MIIM devices, step-tunneling may be used to tune asymmetry and nonlinearity. 17 It has been predicted, based on theoretically considerations, that Nb 2 O 5 /Ta 2 O 5 bilayers should be promising insulator candidates for MIIM devices for rectenna applications. 12, 13 Although it may be possible to reduce the magnitude of leakage current in these insulators through post deposition annealing, plasma processing, or alternate choice of precursors, the fact that tunnel based conduction does not play a dominant role in either as deposited ALD Nb 2 O 5 or Ta 2 O 5 suggests that this insulator combination will not be able to support the step tunneling mechanism that was exploited to improve asymmetry and reduce V ON in MIIM diodes in our previous work. 17 In conclusion, although their large electron 
